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ABSTRACT 
An experimental evaluation w a s  conducted on a regenerable two-bed 
carbon dioxide removal system which u t i l i z e d  an organic amine sorbent. 
This 
does 
sorber formulation absorbs C O  i n  t h e  presence of  H 0 vapor and thus  
not r equ i r e  pre-drying t h e  gas stream. 
2 2 
The primary objec t ive  of t h e  t e s t  program was  to r e l a t e  t h e  system 
performance of CO 
during regeneration to t h e  operating parameters of air-flow r a t e  through 
t h e  bed, absorption-regeneration time, and bed cooling and heating r a t e s .  
All other operation conditions were held constant.  The Box-Wilson com- 
pos i t e  design was used i n  t h e  experiment design, and to generate quadratic 
equations r e l a t i n g  system performance to t h e  operating conditions.  
removal r a t e ,  power, and water carry-over with C02 2 
SUMMARY 
An experimental evaluation w a s  conducted on t h e  regenerable two-bed 
carbon dioxide removal system o r i g i n a l l y  designed, f ab r i ca t ed  and de l ivered  
to NASA, Langley Research Center on NAS1-2915. The system was  returned to 
GARD for t e s t i n g  i n  Ju ly  1968. 
formulation which absorbs C02 i n  t h e  presence of H 0 vapor and t h i s  does not 
requi re  pre-drying t h e  gas stream. 
The s o l i d  absorbent i s  an organic amine 
2 
The primary objec t ive  of t h e  t e s t  program was t o  r e l a t e  system performance, 
i . e . ,  CO removal r a t e ,  power required and water ca r r i ed  over with CO during 2 2 
regeneration to various operating conditions.  The operating conditions varied 
i n  t e s t i n g  were a i r - f low r a t e  through t h e  bed, absorption-regenerat5on time, 
and bed cooling and hea t ing  r a t e s .  A l l  other operation parameters were held 
constant. The Box-Wilson composite design was used to design t h e  experiment 
and to generate quadratic equations r e l a t i n g  system performance to t h e  operating 
conditions.  
The equations developed can be used to determine t h e  optimum CO removal 2 
capacity within t h e  range of t e s t  conditions and based on total system 
weight penalty,  when appropriate power, heating, and cooling p e n a l t i e s  a r e  speci- 
f i e d .  I n  addi t ion  t h e  e f f e c t  of spec i f i c  mechanical design c h a r a c t e r i s t i c s  
(heat t r a n s f e r  e f f e c t s )  were observed. 
observed mechanical c h a r a c t e r i s t i c s  can be u t i l i z e d  to design an advanced 
system using t h i s  amine absorbent or to compare t h e  present system to other 
C02 removal systems. 
The developed equations and t h e  
Other ob jec t ives  achieved during t h i s  program were to perform a continuous 
duration t e s t  of at l e a s t  48 hours, to determine t h e  e f f e c t  of operating t h e  
system under off-design conditions;  and to determine the e f f e c t  of t o t a l  operating 
time on t h e  a b i l i t y  of t h e  sorbent to maintain C02 absorption capacity.  
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FOREWORD 
This repor t  summarizes t h e  work accomplished under Contract NM1-8360 
f o r  t e s t i n g  of t he  GAT-0-SORB carbon dioxide removal system. This work 
was i n i t i a t e d  on 24 Ju ly  1968 and completed on 29 May 1969. 
was performed by t h e  General American Research Division of t he  General 
American Transportation Corporation, 7449 Eatchez Avenue, Niles,  I l l i n o i s  
60648. 
Space Administration, Langley Research Center, Langley S ta t ion ,  Hampton, 
Virginia  23365. 
The program 
The work was monitored by M r .  Rex Martin, National Aeronautics and 
The work reported herein was performed by personnel within t h e  
atmospheric Control Sect ions of GARD ' s Chemical and Life-support Systems 
Group, under the  d i r ec t ion  of M r .  J. D .  Zeff, and supervision of M r .  G. A.  
Remus; Mr. A. J.  Glueckert served as pro jec t  engineer and M r .  J. E. Kane as 
technician.  D r .  F. Ozkan, s t a t i s t i c 5 a n ,  a s s i s t ed  i n  the  data  analysis  and 
computer programming. 
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SECTION 1 
IIYTRODU CT IO?? 
The removal of metabolic carbon di0xid.e i s  a necessary p a r t  of environ- 
mental cont ro l .  
complicated phase separa t ion  techniques it is des i r ab le  t h a t  t h e  sorbent be 
i n  t h e  form of a so l id .  A regenerable absorbent which u t i l i z e s  an amine was 
To accomplish C02 r emvd  i n  a weightless s t a t e  and to avoid 
---i 
developed. to meet t h i s  need by t h e  Research Division of t h e  General American 
Transport a t  ion  Corporation e 
The absorbent was  o r i g i n a l l y  developed f o r  C02 removal by GARD i n  1962. 
After f e a s i b i l i t y  of t h e  absorbent fo r  C02 removal i n  an environmental con t ro l  
system was  demonstrated, GARD designed and Pabricated a 2 man ca@acity pro’l;otme 
CO removal system. A photograph of t h e  system i s  shown i n  f igu re  1. 2 
I n  t h i s  eycXe two-bed system, one bed absorbs CO from a flowing a i r -  2 
stream while t h e  other i s  being regenerated simultaneously by heating under moderate 
vacuum. Heat i s  t r ans fe r r ed  i n t o  and out  of each bed by a l i q u i d  c i rcu la ted  
through in-bed heat exchangers. 
After t h e  system w a s  delivered to a n d > t e s t e d  by NASA it was r‘etwned to GARD 
f o r  f u r t h e r  t e s t i n g .  Under t h e  present,  program, t h e  e f f e c t  of operating con- 
d i t i o n s  on CO removal capacity,  water c a r r y  over, and power were determined 
and polynomial expressions r e l a t i n g  t h e  performance c h a r a c t e r i s t i c s  to the  
2 
operating parameters were developed a 
To obta in  t h e  b e s t  C02 removal system for a given appl ica t ion ,  a l l  
candidate systems must be evaluated. on a comparable basis. Usually t h i s  i s  
done OQ a weight basis which includes bas i c  system weight, weight of spares 
P 
necessary to provide a chosen degree of r e l i a b i l i t y ,  and equivalent weight 
pena l t i e s  for power, hea t  absorption, or heat  r e j e c t i o n .  
I n  order to obtain input information f o r  evaluating t h e  GAT-0-SORB system 
s o  t h a t  it can be compared to other sys tems,  empirical  polynomial expressions 
were developed which r e l a t e  response c h a r a c t e r i s t i c s  to operating conditions 
The polynomials do not fu rn i sh  optimum operating conditions because no 
p e n a l t i e s  a r e  assigned for spares, power, water carryover, hea t  absorption, 
or heat r e j e c t i o n .  
toward optimum operating conditions within t h e  range t h a t  t e s t s  were conducted. 
Also t h e  polynomials fu rn i sh  design inputs which can be used for an advanced 
model of t h e  GAT-0-SORB system. 
If pena l t i e s  were assigned, t h e  polynomials would lead  
SECTION 2 
BACKGROUND 
The amine process f o r  carbon dioxide removal has seve ra l  important 
advantages over other  types of regenerable C02 removal processes.  These 
advantages a re  1) t h e  a b i l i t y  bo absorb GO2 or other  acid gases from a gas 
mixture without p r i o r  dehumidification of t he  gas stream, and 2 )  t h e  ease of 
regenerat ion of t h e  GAT-0-SORB absorbent when compared t o  other  sorbenks of 
t he  same absorption capaci ty .  
2 . 1  Chemistry of Absorption and Regeneration 
I n  t h e  absorbing system carbon dioxide combines with t h e  amine i n  t h e  
presence of water. An a i rs t ream with a 45°F dewpoint contains  s u f f i c i e n t  
moisture f o r  t h e  reac t ion  to proceed. I n  normal operation both water and 
carbon dioxide a re  removed from t h e  gas stream during absorption. 
During regenerat ion t h e  carbonated absorbent separates  i n t o  rejuvenated 
absorbent, carbon dioxide,  and water vapor. The temperature and pressure of 
regeneration a f f e c t  t h e  r e l a t i v e  amounts of CO and H 0 desorbed. Since it 2 2 
m y  be des i r ab le  to minimize water carry-over t h e  amount of water desorbed 
was measured as a system performance cha rac t e r i s t i c ;  
2.2 Prototype Model 
The prototype model which was b u i l t  under cont rac t  NAS1-2915 and used 
f o r  t h i s  program w a s  shown i n  Figure 1; t h e  f low schematic i s  shown i n  Figure 2 .  
The system con%ains 2 beds which a l t e r n a t e  between absorption and regenerat ion 
modes. Each can i s t e r  contains 15 pounds of GAT-0-SORB and t h e  total weight 
of t h e  system i s  93 pounds. The system i s  contained within an envelope 19  
inches x 24  inches x 33 inches.  An addi t iona l  cont ro l  module i s  furnished so 
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Figure 2. SCIXEMATIC DIAGRAM OF 
THE GAT-0-SORB SYSTEM 
t h a t  t h e  system can be t e s t e d  i n  an environmental chamber, and parameters 
such as cycle time or bed precool'. time can be changed without en ter ing  t h e  
chamber. 
A s  shown i n  Figure 2, system operation i s  dependent upon th ree  flow 
loops: t h e  main air-stream absorption loop, t h e  vacuum regeneration loop, 
and t h e  heat t r a n s f e r  l i q u i d  loop. 
I n  t h e  air loop t h e  system blower c i r c u l a t e s  chamber air through a 
four  way air/vacuum cont ro l  valve and i n t o  t h e  absorbing bed. 
bed carbon dioxide and water a r e  removed from the  a i r  stream; CO -free air  i s  
returned t o  t h e  chamber. 
I n  the  absorbent 
2 
I n  t h e  vacuum loop, a vacuum pump i s  connected t o  t h e  four-way a i r /  
vacuum cont ro l  valve. This valve connects t h e  pump to t h e  i n l e t  of t h e  bed 
i n  t h e  regeneration mode. A check valve at t h e  o u t l e t  of each bed i s o l a t e s  t h e  
bed during regeneration. 
CO 
The pump evacuates t h e  bed and discharges t h e  desorbed 
and H20 f o r  co l l ec t ion  o r  d i sposa l .  
I n  the  heat t r a n s f e r  l i q u i d  loop, 50°F water passes through a four-way 
2 
l i q u i d  valve i n t o  a heat exchanger within t h e  absorbing bed during the  absorption 
mode. The water cools t h i s  bed down from i t s  regeneration temperature t o  t h e  
6 0 - 8 0 " ~  range required f o r  e f f i c i e n t  absorption. 
bed t h e  water, which has picked up hea t ,  i s  f u r t h e r  heated t o  180"~ with an 
Af te r  e x i t i n g  t h e  absorbing 
e l e c t r i c  hea te r .  The 1 8 0 " ~  water passes through t h e  heat exchanger i n  t h e  
regenerating bed and hea ts  t h e  sorbent.  The water then  leaves t h e  regenerating 
bed at a lower temperature and e x i t s  t h e  system through t h e  four-way l i q u i d  
valve.  The water i s  then  cooled t o  50°F and re turned  to t h e  absorbing bed t o  
complete the  loop. I n  a c t u a l  t e s t i n g ,  discharged water w a s  discarded, and f r e s h  
t a p  water was used continuously. 
6 
The four-way air/vacuwn valve and t h e  four-way l i q u i d  valve a re  synchronized 
s o  t h a t  the  l i q u i d  i s  d i r ec t ed  to t h e  proper bed a t  t h e  proper time. To provide 
a period f o r  p recoo l ing ,  t h e  bed going i n t o  t h e  absorption mode, t h e  cooled heat- 
t r a n s f e r  l i q u i d  i s  d i r ec t ed  i n t o  t h e  bed heat-exchanger before t h e  air stream 
i s  allowed to en te r  t h e  bed. This i n t e r v a l  i s  designated as "'precool- time". 
2 .3  Or ig ina l  Test Program 
After t h e  GAT-0-SORB un i t  was f ab r i ca t ed  i n  1964, t h e  can i s t e r s  were 
f i l l e d  with absorbent and a s e r i e s  of t e s t s  were run 1) to v e r i f y  t h a t  t h e  
system w a s  opera t iona l ,  and 2) t o  obtain an approximation of t he  average C02 
removal r a t e ,  water loss ,  and power requirements. The system was del ivered  t o  
NASA LRC f o r  f u r t h e r  t e s t i n q ,  t hen  the  sysLem was u.et,urned to CTARD 
. in A U p s t  1568. 
The o r i g i n a l  t e s t  program was run i n  t h e  labora tory  under ambient conditions.  
Carbon dioxide was f e d  to the i n l e t  of t h e  system blower at a r a t e  which main- 
t a i n e d  t h e  i n l e t  C02 concentration at  1.0 percent .  I n l e t  humidity va r i ed  
according to ambient conditions.  
The system was operated through 91 cycles during twenty-two d i f f e r e n t  
runs as shown i n  t a b l e  2. The parameters which were var ied  included CO concen- 2 
t r a t i o n ,  coolant water flow r a t e ,  coolant water temperature, i n l e t  a i r  tempera- 
t u r e ,  cycle time, and bed pre-cool time. The m a x i m u m  average CO removal r a t e ,  
0.41 l b  per hour occurred when t h e  C02 concentration was  1.%, water flow 4 gph, 
water temperature 8 5 " ~ ,  a i r  temperature 79"F, cycle time 30 minutes and zero bed 
2 
pre-cool t ime. During a l l  t e s t s  t h e  a i r  flow r a t e  was 14 cfm. 
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Table I.. TEST RESULTS IN ORIGIHAL PROGRAM (1964) 
Total  
Watts Watts 
Water Average Makeup 
Loss Continuous Heater Power Time Precobl c02 
Feed Water Water A i r  A i r  
Cycle Time Removal 
Run C O W .  Flow Temp. Temp. Relative 
No. $I Rate Humidity R a t  i o  Power Per Wan 
-W/O Heater -
Watts Wn CaDacitv Wan co2 gPh OF OF $I Minute Minute cfh . lb/hr  H c  
L 
1 1 3 75-80 90 40 30 2 1.93 0.235 0.315 288 --- 
2A 1 3 75-80 80 38-43 2 2.69 0.330 0.281 --- 
2B 1 3 80 80 39 4 2.45 0.294 ----- --- 
3 1 5 75-85 75-77 44- 52 2 2.71 0.325 0.50 --- 
4n 1 2.75 75-85 78 50-63 0 2.45 0.294 ----- 154 252 
-- 0.975 0.117 ----- 160 306 4B 1 0.85 85 -- 
4c 1 1-95 85 78 42 1.97 0.236 ----- 12 5 248 , 
4D 1 4.05 85 79 43 3.45 0.417 ----- 163 2 32 
t 5 1 2.0 65 81-82 41-42 1.64 0.200 0.150 175 319 
6 1 0.8-1.0 66-72 79-80 48-51 20 0.42 0.052 0.115 340 916 
7 1 4.0 68-75 82-85 43 40 3.10 0.381 0.453 185 282 
8 0.5 4.0 60-70 77-80 35-41 20 1.25 0.153 0.520 445 633 . 
9 0.5 1.0 68-78 78-83 35-50 20 0.45 0.051 0.20 467 1042 
10 0.5 2.0 61-69 85-87 33-35 30 1.25 0.153 0.28 2 62 450 
1.0 71-78 78 41 40 0.04 0.005 Very High Very High --- 
12 2.0 2.0 59-84 77 40-43 30 3.10 0.382 0.10 118 194 
13A 1 2.0 56-63 77 40-42 30 + 2.08 0.256 0.218 165 2 7F 
13B 1 2.0 56-63 77 40-42 30 2 2.28 0.280 144 247 
11 0.5 
14 1 2.0 80-87 77 42 30 0 NO TEST RESULT;! - MECHANICAL D I F F I C L T Y  
. 1 5 A  1 2.0 70 90 Approx. 50 30 2.89 0.356 ----- 114 195 
1 5 C  1 2.0 114 90 Approx. 50 30 1.62 0.200 ----- 175 319 
15B 1 2.0 90 90 Approx. 50 30 2.03 0.250 ----- 154 269 
15D 1 2.0 80 90 Approx. 50 30 * 2.33 0.287 ----- t 115 215 
TOTAL NUMBER OF CYCLES RUN + 91 
?? 
For most t es t s  run a t  an i n l e t  C02 concentration of 1.0 percent 
(p 
When t h e  i n l e t  C02 concentration was decreased t o  0.5 percent (p 
t h e  CO removal ra te  decreased t o  a m a x i m u m  of 0.15 lb per  hour. 
= 7.6 mm Hg) t h e  C02 removal r a t e  ranged from 0.2 t o  0.3 lb per  hour. 
“2 
= 3.8 mm Hg) co2 
2 
EA 
9 
SECTION 3 
SYSTEM TESTING 
Under t h e  present  program t h e  GAT-0-SORB Carbon Dioxide Removal System 
was  t e s t e d  to determine t h e  r e l a t ionsh ip  between system performance c h a r a c t e r i s t i c s  
and varied operating conditions.  
3.1 Performance Charac t e r i s t i c s  
The 
1. 
2 .  
3. 
The 
system performance c h a r a c t e r i s t i c s  t h a t  were measured were: 
Average C02 removal r a t e ,  13 C02/hr 
Water carry-over during regeneration, l b  H20/lb C02 
System power , kwhr/lb C02 
average CO removal r a t e  was determined by dividing t h e  weight of 2 
CO absorbed during a cycle by t h e  length  of t h e  absorption period, i . e . ,  
cycle time. 
system which continuously maintained t h e  C02 p a r t i a l  p ressure  a t  a fixed l e v e l  
of 7.6 mm Hg (Test Plan 1) or 3.8 mm Hg (Test Plan 2 ) .  
2 
The weight of C02 absorbed was derived from t h e  automatic C02 feed 
Water carry-over was  determined by weight ana lys i s  of t h e  total desorbed 
CO and water vapor mixture f o r  t h e  complete s e r i e s  of cycles i n  a t e s t  run. 2 
Power was measured d i r e c t l y ,  ind ica t ing  t h e  in tegra ted  input f o r  t h e  
e l e c t r i c  hea te r ,  a i r  blower, and cont ro ls ,  f o r  t h e  complete s e r i e s  of cycles 
i n  a t e s t  run. 
3.2 Test Plan 
To determine system performance c h a r a c t e r i s t i c s ,  t h e  operating conditions 
were varied according to values es tab l i shed  by t h e  Box Wilson composite design. 
A de t a i l ed  descr ip t ion  of system instrumentation used i n  measurements and 
performance observation i s  shown i n  appendix B. 
L M 
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3.2.1 Selec t ion  of Operating Conditions 
The primary operation parameters spec i f ied  i n  t h e  cont rac t  a r e  
cycle time, precool  t ime, coolant flow r a t e  and a i r  flow r a t e .  
Because t h e  Box Wilson Central  Composite design w a s  t h e  t e s t  p lan  se lec ted ,  
f i v e  l e v e l s  of each parameter were t e s t e d  t o  furn ish  2 f a d o r i a l  po in t s ,  2 star 
poin ts ,  and a center  po in t .  Previous experience and system design, i . e . ,  f an  
s i z e ,  hea te r  s i z e ,  and coolark pump capaci ty  de l inea ted  t h e  t e s t i n g  range of t h e  
parameters. The l e v e l s  se lec ted  fo r  each parameter were: 
Cycle t ime;  
Precool t ime; 
10, 20, 30, 40, 50 minutes 
0, 1.5, 3.0, 4.5, 6 .0  minutes 
Coolant flow; 1, 2, 3, 4, 5 gph 
A i r  flow; 6, 8 ,  10, 2,  14 cfm 
Cycle t ime was t h e  length  of time f o r  absorption or f o r  regenerat ion.  
The t ime of absorption w a s  concurrent with and equal t o  t h e  time of regenerat ion.  
Precool time was t h e  time elapsed between t h e  s tar t  of cooling of t h e  
absorbing bed and the  s t a r t i n g  of air  flow through t h e  absorbing bed. The 
purpose of t h i s  delay was t o  precool  t he  bed being t r ans fe r r ed  from t h e  
regenerat ion mode t o  t h e  absorption mode before  air  was blown through t h e  bed. 
The heat  t r a n s f e r  l i q u i d  r a t e  i s  the  volumetric l i q u i d  r a t e  through t h e  
in-bed heat  exchangers i n  t h e  absorbing and regenerat ing beds. 
A i r  flow r a t e  i s  t h e  volumetric flow of a i r  through t h e  absorbing bed. 
The Box Wilson design determines khich combination of parameters a re  t e s t e d .  
These a re  shown i n  appendix C .  
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Fixed operating conditions during t e s t i n g  were: 
1. Chamber pressure  360 mm Hg 
2 e  P 7.6 mm Hg, i n  Test Plan 1 
3.8  mm Hg, i n  Test Plan 2 
c02 
3. I n l e t  a i r  temperature to blower 50°F (bed i n l e t  temperature 
,averaged 2F°F ' h igher  due' +,o 
blower heat-up ) 
45°F 
5 0 " ~  
180" F 
4. I n l e t  a i r  dew po in t  
5. Heat t r a n s f e r  coolant l i q u i d  
t emp e r  a t u r  e 
6. Regeneration l i q u i d  temperature 
7. Vacuum f o r  regeneration 40 mm Hg absolute pressure  
3.2.2 Measurement of!, PacPorMance . C h a h % t e r i s t i c s  
yY__- 
The following methods were used to determine t h e  v a r i a t i o n  of  C02 
removal r a t e ,  r a t i o  of H20/C02, and r a t i o  of Power/CO 2 '  
3.2.2.1 (3, Removal Rate 
The carbon dioxide removal r a t e  w a s  determined by measuring t h e  
volume of pure C02 which need.ed. to be ad.d.ed. to the  chamber i n  ord.er t o  maintain 
t h e  bulk chamber concentration a t  a constant preselected.  l e v e l .  
The concentration of CO within t h e  chamber was  measured and t h e  output 2 
of t h e  CO 
f e l l  below t h e  predetermined se t -po in t .  
and t h e  length  of time of t h e  t e s t  run were used to ca lcu la t e  t h e  average C02 
removal r a t e  f o r  t h e  t e s t .  
sensor was used to con t ro l  t h e  C02 feed as t h e  C02 concentration 2 
Thus t h e  volume of C02 added t o  t h e  chamber 
Corrections were made f o r  C02 l o s t  from t h e  chamber 
12 
through t h e  t r i m  pump which per iodica l ly  cor rec ts  chamber pressure va r i a t ion  
r e su l t i ng  from a i r  in-leakage. 
3.2.2.2 Water Loss/C02 Ratio 
The r a t i o  of H O/C02 removed. during regeneration was  determined by 2 
weighing the  amount of water trapped. out of t h e  regeneration vacuum loop during 
t h e  length of time f o r  a t e s t .  
a t e s t  divided by t h e  total amount of C02 removed during the  same t e s t  gives 
an average r a t i o  of H ~ O / C O *  f o r  a pa r t i cu la r  t e s t .  
Thus the  t o t a l  amount of water col lected during 
3.2.2.3 Power/CO, Ratio 
The total energy used by the  GAT-0-SORB system fo r  t h e  durat ion of 
a t e s t  was measured. with a watt-hour meter. This included power to operate 
t h e  blower and cont ro ls  p lus  e l e c t r i c  power t o  heat  t h e  f l u i d  enter ing t h e  
regenerating bed. 
during t h e  t e s t  produced a number equal to average energy/weight of CO 
average power/C02 removal r a t e .  
This energy divided by the  t o t a l  amo6nt of C02 removed 
o r  2 
An ammeter was used to measure the  required current  for operation of 
t h e  GAT-0-SORB system. The current  indicated t h e  instantaneous power l e v e l  and 
was  used to ver i fy  proper functioning of  t h e  system.components. The ammeter was 
a l s o  used to ind ica te  when t h e  l i q u i d  loop e l e c t r i c  hea te rs  were on or o f f .  
3.2.8 Test Cycle 
A t e s t  run cons is t s  of two p a r t s .  The f irst  par t  of a run i s  
known as  "pre-run" during which t h e  system comes t o  thermal equilibrium. 
normal prerun l a s t s  f o r  t h ree  or four  cycles.  The second p a r t  of t h e  run i s  t h e  
The 
data run during which t h e  system performance cha rac t e r i s t i c s  a re  measured as a 
funct ion of operating conditions.  
SECTION 4 
PROGRAM TASKS AND TEST RESULTS 
The t e s t i n g  program included seve ra l  a u x i l i a r y  t a s k s  i n  addition t o  t h e  
major t a s k  of system performance t e s t i n g .  
order were: 
1) 
The program t a sks  i n  chronological 
checking a l l  mechanical and e l e c t r i c a l  system components t o  v e r i f y  
proper func t ion  f o r  continuous and sustained operation. 
2 2 )  comparing t h e  CO absorption capacity of o r i g i n a l  absorbent with 
f r e s h  absorbent t o  a sce r t a in  s t a b i l i t y ,  r e t e n t i o n  of chemical proper- 
t i e s ,  and other unexpected e f f e c t s  of long duration storage.  
designing t h e  experiment by using t h e  Box Wilson c e n t r a l  composite 
design technique 
conducting t h e  performance t e s t i n g  of t h e  t o t a l  CO absorption system. 
3 )  
4) 
5) conducting a duration t e s t ,  cons is t ing  of continuous operation f o r  
48 t o  96 hours, t o  demonstrate absorbent s t a b i l i t y  and system 
r e l i a b i l i t y .  
conducting off-design t e s t s  t o  show spec i f i c  e f f e c t s  on system 
performance. 
2 
6) 
4.1 System Checkout f o r  Component Function 
Two changes were made i n  t h e  system during t h e  preliminary checkout. The 
e l e c t r i c  water switch valve with manual override was replaced with a &way 
solenoid valve; t h e  po r t s  i n  the o r m n a l  valve were small and clogged 
e a s i l y .  The new valve with 9/64” o r i f i c e s  eliminated clogging and lowered t h e  
pressure  drop i n  t h e  coolant loop. 
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An 850-watt hea te r  was i n s t a l l e d  i n  t h e  l i q u i d  loop to replace t h e  550- 
w a t t  u n i t  o r i g i n a l l y  supplied. This provided. t h e  add i t iona l  hea t ing  capacity 
required. f o r  c i r c u l a t i n g  t h e  heat-exchanger l i q u i d  a t  requi red  higher r a t e s .  
4.2 Comparison of Old and. New Absorbent 
After t h e  GAT-0-SORB system was  returned to GARD, a l l  of t h e  o r i g i n a l  
absorbent w a s  removed from t h e  can i s t e r s .  Undersize mater ia l  was removed 
by screening. A sample of t h e  o r i g i n a l  absorbent from each bed was  t e s t e d  i n  
a 1 inch g l a s s  tube absorbing column to2determine C02 removal capacity.  
average dynamic capacity of t h e  sorbent f o r  3 regeneration-absorption cycles f o r  
each sample was  1 . 4  percent by weight. This capacity was t h e  same as determined 
i n  t h e  o r i g i n a l  t e s t s .  The conditions of t hese  t e s t s  were: 
The 
CYCLE : 30 minutes absorption - 30 minute regeneration 
FEED GAS: 1% co2 i n  a i r  
' AIR FLOW RATE: 4 SCFH 
REGENERATION: 
After completing t e s t k g  i n  t h e  s m a l l  s ca l e  bed, t h e  r i g h t  absorbent system 
1 8 0 ' ~  a t  40 mm Hg absolute pressure  
can i s t e r  was f i l l e d  with 15-3/4 pounds of 10/20 mesh o r i g i n a l  absorbent, and 
t h e  l e f t  c a n i s t e r  with 15-3/4 pounds o f  10/20 mesh f r e s h  absorbent. 
allowed continuous comparison of t h e  old and new absorbent throughout t h e  t e s t  
program while operating under i d e n t i c a l  t e s t  conditions.  No s i g n i f i c a n t  
d i f fe rence  was  detected between t h e  performance of t h e  two beds throughout a11 
of t h e  t e s t s .  
This 
After comparing t h e  old and new absorbent mater ia l s  a n  add i t iona l  
shake-down t e s t  a t  one-atmosphere w a s  run under conditions which were similar 
to t h e  t e s t s  performed i n  1964. 
The t e s t  conditions and r e s u l t s  summarized i n  t a b l e  2 show t h a t  t h e  
CO removal r a t e  w a s  similar, although not identical ,  to t e s t  13-B of t h e  
o r i g i n a l  t e s t  program. The d i f fe rence  i n  removal r a t e  can be a t t r i b u t e d  to 
t h e  f a c t  t h a t ,  i n  t h e  o r i g i n a l  t e s t  program, t h e  temperature of t h e  hea t ing  
f l u i d  going to t h e  bed i n  t h e  regeneration mode was approximately 5 t o  10°F warmer 
than i n  t h e  shakedown t e s t .  
while a 550-watt hea t e r  was  used i n  t h e  shakedown t e s t ,  
was  i n s t a l l e d  and used i n  a l l  subsequent t e s t s .  The e f f e c t  of higher i n l e t  air  
humidity i n  the  shakedown t e s t  w a s  assumed negl ib le  because off-design t e s t s  
( t a b l e  5) show t h e  e f f e c t  of i n l e t  a i r  dew po in t  i s  small. 
2 
An 850-watt l i q u i d  hea ter  was  used f n ' o r i g i n a l  t e s t s  
A new 850-watt hea te r  
The two CO removal r a t e s  being n e m l y  equal i s  h ighly  s i g n i f i c a n t ,  i n -  2- 
d ica t ing  t h a t  t h e  absorbent d i d  not d e t e r i o r a t e  e i t h e r  during t h e  o r i g i n a l  
test program or while being s tored  f o r  four years.  
4.3 Composite Design Test Plan 
The Box Wilson Cent ra l  Composite design was  used to design the  experiment 
and to develop a quadratic polynomial equation f o r  CO -removal r a t e ,  water l o s s ,  
and power i n  terms of t h e  cycle time, precool time, hea t - t ransfer  l i q u i d  flow 
r a t e ,  and a i r  flow. The experiment design i s  based on a twc- leve l - fac tor ia l  
design with star po in t s  and center  po in ts .  A s e r i e s  of tests based on t h e  
f a c t o r i a l  design were run f i r s t  to v e r i f y  t h a t  t h e  t e s t s  were performed i n  t h e  
co r rec t  range. The two-level- f a c t o r i a l  design yielded only l i n e a r  r e l a t ionsh ips .  
To obta in  a quadratic e f f e c t ,  t e s t i n g  a t  t h r e e  l e v e l s  was required.  For a 
complete t h r e e - l e v e l - f a @ t o r i a l  design p lan  a total of 81 t e s t s  would be 
required.  The Cent ra l  Composite design has t h e  advantage of s i g n i f i c a n t l y  
reducing t h e  number of t e s t s  while not s i g n i f i c a n t l y  reducing t h e  p rec i s ion  of 
t h e  regression coe f f i c i en t s  determined f o r  t h e  quadratic polynomial. 
2 
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TABLE 2 
COMPARISON OF ORIGINAL TEST PERFORMANCE AND PRESENT TEST PERFORMANCE 
Test Paamet  e r  s Tes t  13-B (July 1964) 
Chamber Pressure 1 atm 
Chamber p 
c02 
Cycle Time 
A i r  Valve Delay 
Coolant Flow 
Heating Fluid Temp 
I n l e t  A i r  Temp 
I n l e t  a i r  Rela t ive  Humidity 
A i r  Flow 
Resul ts  
C02 Removal Rate 
7.6 mm 
30 min 
2 min 
2 a h  
185-19O'F 
77°F 
40-42$ 
14 cfm 
0.28 lb /hr  
Shaked.own Test 
10-2-68 
1 a t m  
7.6 mm 
30 min 
2 min 
2 a h  
3-80' F 
75-85°F 
70-75% 
14 cfm 
0.24 lb /hr  
4.4 Performance Test Results 
The t e s t  des ign  produced coe f f i c i en t s  f o r  a l l  f i rs t  order and second 
order terms i n  t h e  polynomial expression. The second order terms a r e  composed 
of square terms and two l e v e l  i n t e r a c t i o n  terms. Higher l e v e l  i n t e rac t ions  were 
assumed t o  be i n s i g n i f i c a n t  and were neglected. Each coe f f i c i en t  was t e s t e d  
by a s t a t i s t i c a l  method t o  determine i f  the term w a s  g igni f icant  o r ’neg l ig ib l@.  The 
r e s u l t s  of t h e  “t” t e s t  used. a r e  shown i n  appendix C .  
4.4.1 Performance Equations 
As  shown by t h e  high “F” v d u e  i n  appendix A, t h e  r e s u l t s  of t h e  experiments 
run a t  a p 
Therefore, t h e  ‘ l t ”  t e s t  w a s  used t o  s e l e c t  a l l  coe f f i c i en t s  which had a 95% or  
l e v e l  of 3.8 mm Hg indicated a high degree of co r re l a t ion .  
c02 
g rea t e r  confidence l e v e l .  The r e s u l t i n g  simplified performance equations were: 
Y1 = -.644 I- oJl39A + 0.167 C +  0.050 D 
2 -0.000096 A‘ - 0.0170 C2 - 0.0025 D -- 0.00176 AC 
Y2 = 0.187 + 0.888 C - 0.066 D - 0.148 C2 (2) 
(3)  2 Y = 238 - 5.58 A - 41,O B - 12.3 D I- 0.0671 A I- 4.1  BD 3 
where : 
1 b C O 2  
Y1 = CO removal r a t e ,  hr 
IbH-0 
2 
2 Y2 = Water ca r ry  over, - lbC02 
kwhr Y3 = Power, -lbC02 
A = Cycle time, minutes 
B = A i r  valve d.elay, minutes 
C = Water flow, gal/hr 
D = A i r  flow, cfm 
Simplified 
l e v e l  of 7.6 mm 
co r re l a t ion .  
equations a re  not presented for t h e  experiments run a t  a p 
Hg because t h e  r e s u l t s  f o r  t h i s  s e t  d i d  not have high 
c02 
The) corifidence Xevel decreased to 70% \ 
before s i g n i f i c a n t  terms appeared i n  t h e  polynomial expressions. 
The primary objec t ive  of t h i s  program was to determine t h e  e f f e c t  of 
operating condition on performance c h a r a c t e r i s t i c s .  This could not be 
accomplished from a purely t h e o r e t i c a l  approach because a l l  of t h e  necessary 
chemical and phys ica l  p rope r t i e s  of t h e  absorbent were not knhwn. Proper t ies  
such as equilibrium C02 and H 0 p a r t i a l  p ressures  i n  t h e  vapor phase, 
d i f fus ion  r a t e s  at t h e  absorbent sur face ,  and e f f e c t i v e  f i l m  t r a n s f e r  coe f f i c i en t s ,  
must be known i n  order t o  solve t h e  mass t r a n s f e r  and heat t r a n s f e r  equations 
associated with p red ic t ing  C02 absorption and desorption -rates.. I n  s p i t e  of 
t h i s ' l a c k  of information c e r t a i n  e f f e c t s  can be estimated based on knowledge 
of how t h e  system operates.  
2 
4.4.2 
The operating conditions a f fec ted  t h e  average CO removal r a t e  i n  t h e  
Effec t  of Operating Conditions on C02 Removal Rate 
2 
manner described 
4.4.2.1 Cycle Time 
Equation 1 shows that  a i r  increase i n  time w i l l  produce 
an increase i n  C02 removal r a t e  u n t i l  a maximum po in t  i s  reached. 
addi t iona l  increase  i n  cycle time w i l l  decrease C02 removal r a t e .  
shows t h a t  t h e  optimum cycle time sh i f t s  and i s  dependent upon t h e  i n t e r a c t i o n  
between cycle time and coolant flow. 
Then any 
The equation 
4.4.2.2 Precool Time 
2 Precool Time had no s i g n i f i c a n t  e f f e c t  on CO 
Removal Rate. 
4.4.2.3 Liquid Flow Rate 
Likewise equation 1 shows t h a t  an increase  coolant flow 
r a t e  w i l l  increase C02 removal r a t e  u n t i l  a maximum C02 removal r a t e  i s  obtained. 
Then any add i t iona l  increase i n  coolant flow w i l l  decrease CO removal. r a t e .  
The po in t  of optimum C02 removal as a function of l i q u i d  flow s h i f t s  because 
of t h e  i n t e r a c t i o n  between l i q u i d  flow r a t e  and cycle time. 
2 
4.4.2.4 A i r  Flow 
An increase  i n  air  flow should increase t h e  C02 removal 
r a t e  because an increase  i n  a i r  flow increases t h e  average p a r t i a l  pressure of 
CO i n  t h e  a i r  stream within t h e  absorbing bed. Thus t h e  average gradien t  
of CO i n  t h e  gas phase and t h a t  held on t h e  s o l i d  >absorbent i s  increased. 
This increase i n  t h e  gradient between t h e  two phases should increase t h e  r a t e  
2 
2 
of CO t r ans fe r r ed  from t h e  a i r  stream to t h e  sorbent. Also, i f  t h e  a i r s t ream 
cools t h e  absorbent as t h e  sorbent changes from t h e  regeneration to absorption 
? 
mod.es, an increase  i n  air flow should increase  bed cooling and the re fo re  
increase  CO 
as bed temperature decreases e 
removal r a t e  because t h e  absorbent has increased. capacity f o r  CO 2 2 
This behavior was v e r i f i e d  by t h e  experimental r e s u l t s  as air  flow increased. 
from 6 to 10 cfm. Unexpectedly an increase i n  a i r  flow beyond 10 cfm produced. 
a decrease i n  CO removal r a t e ,  This was caused by t h e  air  stream heating t h e  
bed. It was observed t h a t  t h e  e x i t  temperature from t h e  air  blower i n t o  t h e  
absorbing bed ran about 20°F higher than t h e  i n l e t  air  temperature of 50°F 
2 
when t h e  a i r  flow was  6 t o  8 cfm. 
of 14  cfm, t h e  increase i n  temperature was about 15°F. 
was due t o  hea t  conduction from t h e  blower motor andf3?ictiOnali e f f e c t s  within 
When air flow was increased t o  t h e  maximum 
This temperature r i s e  
t h e  blower. Thus a s i g n i f i c a n t l y  g rea t e r  amount of hea t  i s  added t o  t h e  
absorbing bed. a t  high a i r  flow. 
The CO absorption capacity consequently decreased. as a i r  flow increased. 2 
Thus a i r  flow i s  use fu l  i n  cooling an absorbing bed. from 180" t o  75"F, but  
opposes t h e  e f f e c t  of t h e  50°F l i q u i d  coolant i n  cooling t h e  bed between 
750 t o  500~. 
4.4.3 Effec t  of Operating Cond.itions on t h e  Ratio- 
Removed 
An increase  i n  cycle time, coolant flow and a i r  flow 'should increase  
water ca r ry  over r a t e .  Equation 2 ind ica t e s  t ha t  cycle time a f f e c t s  t h e  water 
absorption and desorption i n  t h e  same manner as CO absorption and desorption 2 
because t h e r e  i s  no te,rm f o r  cycle time i n  t h e  equation f o r  t h e  H20/CO2 r a t i o .  
The presence of terms i n  equation 2 f o r  l i q u i d  flow and air flow show 
t h a t  these  operating conditions a f f e c t  t h e  water ca r ry  over r a t e  d i f f e r e n t l y  
from t h e  C02 removal r a t e .  I n  other words, t h e  H20/C02 r a t i o  would equate 
t o  a constant number i f  t h e  operating cond.itions affected.  water ca r ry  over 
and CO removal i n  t h e  same way. 2 
4.4.4 The e f f e c t  of Operating Cond.itions on t h e  Ratio of Power/C02 
An increase  i n  air flow should. increase  t h e  amount of hea t  removed. from 
t h e  absorbing bed; 
m.lbsequ&n-E .re@merationl,of %he bed. Thus an increase i n  a i r  flow causes an 
a r id ' th i s  will increase  t h e  amount of heatgrequil-ed f o r  
iNcYeas6 . i n  thermal power required.. 
21 
However increased air  flow a l s o  r a i s e s  t h e  C02 removal r a t e ,  therefore  t h e  
behavior of t h e  power/CO r a t i o  cannot be r e l i a b l y  estimated., 2 
I n  cont ras t  l i q u i d  flow can e i t h e r  increase or d.ecrease t h e  thermal power 
required.; an increase  i n  thermal power occurs when an increase  i n  l i q u i d  flow 
causes more heat to be lost from regenerating bed than i s  t ransfer red ,  out of 
t h e  absorbing bed; l e s s  power i s  requi red  when t h e  reverse occurs. 
An increase  i n  l i q u i d  flow genera l ly  w i l l  r a i s e  t h e  CO removal r a t e .  2 
Again t h e  behavior of t h e  Power/CO 
be r e l i a b l y  pred ic ted .  
r a t i o  with respec t  to l i q u i d  flow cannot 2 
4.4.5 
Experimental t e s t  cond.itions which produced maximum CO removal r a t e ,  min- 
Maximum and Minimum Operating Conditions 
2 
i m u m  r a t i o  of water/C02 and minimum r a t i o  o f  power/C02 f o r  both t e s t  p lan  1 
and t e s t  p l an  2 a r e  summarized. i n  t a b l e  3,. Graphs of performance c h a r a c t e r i s t i c s  
as a function of operating conditions a r e  shown i n  f igu res  3 ,  4, 5, and 6. 
These p l o t s  a r e  derived. from t h e  equations 1, 2 and a i d  i n  v i sua l i z ing  where 
maxima or minima occurs. 
4 .5  Duration Test 
The objec t ive  of t h e  dura t ion  t e s t  was to run t h e  GAT-0-SORB system 
continuously f o r  a m i n i m u m  of 48 hours. The actual. t e s t  l as ted .  f o r  73 hours 
and was terminated. when t h e  system a i r  blower fa i led . .  
The blower was  designed f o r  one atmosphere operation and overheated 
during one-half atmosphere operation, A t  one-half atmosphere t h e  blower- motor 
cooling f an  does not d.issipate a l l  of t h e  heat which t h e  motor produces. 
A l l  other components p'erformed. s a t i s f a c t o r i l y .  The conditions f o r  t h e  
duration t e s t  were : 
Pressure 1/2 a t m  
Cycle time 30 min 
a i r  f l o w 1 0  cfm 
P 7.6 mm Hg 
c02 
QP 
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TABU 3 
S yst-em Performance Char ac t  e r  i s t  i cs 
A .  Test Plan 1, pco = 7.6 mm Hg 
2 
1. Maximum C02 Removal Rate 
2. C02 Capacity a t  min 
lb H20/lb C02 
3. C02  Capacity a t  min. 
power/lb C02 
B.  Test Plan 2, pco2 = 3.8 mm Hg 
1. Maximum C02 Removal Rate 
2. CO Capacity a t  min. 2 
lb H20/lb C02 
3. C02 Capacity a t  min. 
power/lb COP 
Performance 
lb  C 0 2 / h r .  lb H20/ lb  C02 KWH/lb C02 
0- 33 0.48 2.9 
0.20 -24 4.5 
0.30 0.32 2.0 
0.15 1.00 5.5 
0.078 0.22 14.0 
0.142 0.81 5.3 
Varied Operating conditions3 
Cycle Precool Liquid A i r  
Time Time Flow Floi 
Min Min gph cfm 
4 
20 1.5 4 8 
30 3.0 3 10 
20 1- 5 2 '' 8 
30 3.0 3 10 
30 3-0 5 10 
30 6.0 3 10 
?+ Varied Operating Conditions are as indicated; 1 .- > -  
- t h e  f i x e d  operating conditions were: I n l e t  air temp 50°F 
i n l e t  a i r  dew point 45°F 
Regeneration press  40 ~nm H g  
regenerat ion l i q .  temp 18Q°F 
Chamber pressure 300 mm H$ 
+ '  coolant temp 50 OF * .  
A i r  valve delay 3.0 min I n l e t  air  dew poin t  40°F 
The average responses f o r  t h e  o v e r a l l  duration t e s t  were: 
C02 removal r a t e  0 . P  lbC02/hr 
Water carry-over 0.70 lbH20/lbC02 
Power 6.5 kwhr/lbC02 
The duration t e s t  d i d  prove t h a t  other than t h e  blower motor f a i l u r e ,  
t h e  system w a s  capable of continuous operation and was able to maintain i t s  
C02 removal r a t e  throughout t h e  t e s t .  
4.6 Off-Design Tests 
Off-design t e s t s  were run to determine how wel l  t h e  system performed 
when c e r t a i n  design parameters were varied.  These parameters include total 
pressure,  C02 p a r t i a l  p ressure ,  regeneration vacuum, regeneration temperature, 
i n l e t  a i r  temperature and humidity. 
The t e s t s  were run under conditions s i m i l a r  to t h e  center-point t e s t s  
of t h e  c e n t r a l  composite design except f o r  t h e  off-design parameter being 
t e s t ed .  
The MY-design t e s t s  revealed t h a t  t h e  C02-removal capacity of t h e  system 
i s  not s e r ious ly  a f fec ted  by off-design conditions except for t he  heat- t r a n s f e r  
f l u i d  temperature. This agrres with t h e  o r i g i n a l  work i n  which t h e  minimum 
temperature f o r  regeneration was found to be about 140°F. 
4.7 Tota l  Run Time 
During t h e  performance of t h i s  cont rac t  i n  which t h e  GAT-0-SORB system w a s  
t e s t e d  at  GARD with o r i g i n a l  absorbent i n  t h e  r i g h t  can i s t e r  and f resh  
absorbent i n  t h e  l e f t  can i s t e r ,  593 hours of running t i m e  were accumulated on 
t h e  system. This includes 55.5 hours of prerun shakedown t e s t s  a t  one 
atmosphere and 537.5 hours of a c t u a l  t e s t i n g  a t  one-half atmosphere. 
TABLE 4 
,OFFtDESIGN TEST RESULTS 
Cond. Test 
mmgd No. 
r 
* 
Total  
Press 39 
Regen 
Press 40 
Regen 
Temp 41 
43 mm Hg 
Press 44 
I n l e t  
Dew Pt. 45 
c02 
Regen 
C02 Rate Water Loss Powei 
1bH 0 kwhr l b  C02 -
hr lb&z 
027 0.69 5.1 
0.20 0.59 4.9 
0.14 0.77 5.8 
0. og 0.68 7.4 
0.17 1.33 4.8 
0.13 0.64 6.0 
0.16 4.5 
*The standard cons is t s  
of t h e  average of t h e  7 
center point t e s t s .  
I n l e t  I n l e t  ! -  
Total  Regen Coolant Regen G a s  G a s  
Press C02 Press Temp Temp Temp Dew Point 
mm Hg mm Hg mm Hg "F "F O F  O F  
380 7.6 40 180 45" 40" 
760 15.2 40 50 180 &O 40" - -  
380 7.6 - 80 50 180 45" 40" 
380 7.6 40 50 150 45" 40 O -
380 15.2 40 50 180 45" 40" 
380 7& - 20 50 180 45" 40" 
580 7.6 40 180 80" 70" -80 - 1 
For all t e s t s  cycle time = 30 min 
air valve delay 3 min 
coolant flow 3 gph 
air  flow10 cfm 
SECTION 5 
CONCLUSIONS AND RECOMMENDATIONS 
The followipg conclusions a re  based on t h e  da t a  obtained from t h e  experiments 
performed during t h i s  cont rac t ,  and t h e  recommendations a re  based on t h e  conclusions 
and on design and absorbent modifications which would improve e f f i c i ency ,  
5 . 1  Conclusions 
2 1. The CO removal r a t e  i s  d i r e c t l y  dependent on air flow, coolant 
flow, and regeneration heat r a t e  up to values of 8 cfm, 4 gph, and then decreases.  
w i th ' fu r the r  increase i n  these  parameters. A t  higher air flow r a t e s  t h e  blower 
hea t  conduction to t h e  bed increased and r a i sed  t h e  temperature of t h e  absorbing 
bed, causing decreased capacity.  A s  t h e  coolant flow r a t e  increased t h e  coolant 
was heated s l i g h t l y  as it passed through a metal switch valve common with t h e  
hot l i q u i d  loop, and thus the  bed cooling was decreased r e s u l t i n g  i n  decreased 
capacity. F ina l ly ,  at higher hea t ing  l i q u i d  flow r a t e s ,  t h e  l i q u i d  hea ter  could 
not maintain t h e  f l u i d  at t h e  desired 180"~ l e v e l  and the lower regenerating 
bed temperature caused a decrease i n  capacity.  
However, under more i d e a l  equipment conditions t h e  average CO removal rate 2 
should have increased with increased a i r  'flow, increased absorbing bed cooling, 
and increased regenerating bed heating r a t e s .  
The CO ranoval r a t e  would be expected to increase  with a decrease i n  2 
cycle time because more f r e s h  absorbent i s  brought on stream per u n i t  time. 
The C02 capacity was lower than expected at shor t  cycle times, probably because 
t h e  f i n i t e  time required f o r  t h e  absorbent to be cooled before it can begin 
absorbing C02 takes  up a g rea t e r  por t ion  of t h e  cycle time. Thus t h e  CO removal 
r a t e  was r e s t r i c t e d  by (1) t h e  heating e f f e c t  of t h e  air blower, (2)  t h e  heat 
t r a n s f e r  through t h e  l i q u i d  switch valve, (3)  t h e  l imi ted  heating capac i ty  of t h e  
l i qu id  hea ter ,  and (4)  t h e  capacity of t h e  in-bed heat exchangers. 
2 
Operating with these  mechanical r e s t r i c t i o n s  t h e  highest  CO 2 
removal r a t e  achieved. was 0.15 lb /hr  when t h e  p 
when p 
was  3.8 mm, and 0.33 l b / h r  
c02 
was 7.6 mm. This corresponds to a 1.5 and 3.3 man capacity system 
c02 
respec t ive ly .  For t e s t s  a t  a p 
3 gph, an increase  i n  cycle time produced a propor t iona l  increase i n  CO removal 
r a t e .  At high l i q u i d  flow, 4 or 5 gph, an increase  i n  cycle time i n i t i a l l y  
of 3.8 mm Hg and a t  low l i q u i d  flow, 1 to 
c02 
2 
caused a propor t iona l  increase i n  C02 removal, then a maximum, and f i n a l l y  
a decrease with f u r t h e r  increase i n  cycle time. 
2 .  Power f o r  cont ro ls ,  valves, and. t h e  blower w a s  e s s e n t i a l l y  con- 
s t a n t .  Power f o r  t h e  l i q u i d  hea te r  was pr imar i ly  a function of CO removal 2 
r a t e  and hea t  l o s s ,  Power should increase with increased air  Plow, 
increased absorbing bed cooling, increased regenerating bed heating, and 
decreased cycle time. These o p e r a t k g  parameters produced t h e  same genera l  e f f e c t  
on power as on CO removal r a t e .  I f  both power and CO removal r a t e  a r e  2 2 
influenced i n  t h e  same manner and degree by t h e  operating parameters, t h e  
equation for t h e  r a t i o  of  power/C02 would equate to a constant.  
equation d i d  not equate to a constant i nd ica t ing  t h a t  power and CO removal 
r a t e  a r e  influenced to a d i f fe rence  degree by each operating parameter. Since 
nei$her r a t e  can be predicted with accuracy it i s  not poss ib le  to t heo re t i ca l ly  
p r e d i c t  t he  e f f e c t  of operating parameters on t h e  r a t i o  of these  r a t e s .  
The 
2 
If t h e  thermal. power f o r  heating t h e  regenerating bed can be pro- 
vided from waste hea t  a t  180'~, t h e  e l e c t r i c a l  power f o r  operation of t h e  system, 
i . e . ,  blower and controls,would be reduced and influenced only by a i r  flow 
r a t e .  At i n l e t  CO p a r t i a l  pressures of 3.8 and 7.6 mm Hg, t h e  minimum r a t i o s  2 
of power to C02 were 5.3 and 2 . 0  - kwhr respec t ive ly .  These minina occured l b  COP 
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approximately a t  t h e  maximum CO If 1 8 0 " ~  waste heat i s  
ava i l ab le  f o r  heating t h e  regenerating bed, t h e  r a t i o s  would be reduced 
removal r a t e s .  2 
to 2 .0  and 0.96 - kwhr l b  C02 or 200 and 196 watts p e r  man, respec t ive ly .  
3.. The water carryover, i . e .  ,water removed from t h e  a i r  stream 
during C02 absorption and released with CO 
influenced by t h e  operating parameters i n  a manner s i m i l a r  to t h e  way t h e  
during regeneration, should be 2 
operating parameters influence C02 absorption and desorption. 
i s  a f fec ted  i n  t h e  same manner and degree as C02 removal, t h e  equation f o r  t h e  
r a t i o  of H20/C0 
d i d  not equate to a constant,  i nd ica t ing  t h e  water carryover and C02 removal 
a re  not influenced i n  an i d e n t i c a l  manner and degree. 
If water carryover 
would equate to a constant.  The equation f o r  t h i s  r a t i o  2 
At i n l e t  C02 p a r t i a l  
pressures of 3.8 and 7.6 mm Hg, t h e  minimum r a t i o s  f o r  water carryover/CO 
were 0.22 and 0.24 lb H20/lb C02. 
unrelated l e v e l s  of CO removal r a t e .  
2 
The minima occured at random and a t  apparently 
2 
The only conditions which affected t h e  water' Loss rab io  were ' l iqu id ' f low 
and a i r  flow. An increase  i n  air  flow produced a propor t iona l  decrease i n  
water loss  f o r  t h e  e n t i r e  t e s t  range. 
maximum H O/CO r a t i o .  
flow was e i t h e r  1 o r  5 ga l /hr .  
t he  water loss  r a t i o .  
Liquid flow at  3 gal/hr produced a 
The minimum water l o s s  r a t i o  occured when t h e  l i q u i d  2 2  
Cycle time and precool time d i d  not influence 
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4. A 73 hour duration t e s t  showed t h e  a b i l i t y  of t h e  system t o  
func t ion  r e l i a b l y  under continuous unattended operation. 
The system w a s  operated fo r  593 hours without a decrease i n  CO 
2 
removal capacityy.. Thus t h e  absorbent was shown t o  be s u i t a b l e  f o r  long term 
continuous use 
5. The system can be operated under most off-design conditions without 
s i g n i f i c a n t l y  changing t h e  o v e r a l l  capacity f o r  CO removal. The most 
s i g n i f i c a n t  change was regeneration temperature, where a decrease from 1 8 0 " ~  
t o  150"F, lowered t h e  C02 capacity by 50%. 
2 
6. The absorbent appears t o  have long she l f  l i v e  because no d i f fe rence  
w a s  detected between t h e  absorbent formulated i n  1964 and f r e sh  absorbent made 
i n  1968. 
N 
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5.2 Recommendations 
The performance of the  GAT-OSORB: system could be improved by various 
changes i n  the  system and absorbent mater ia l s .  
1. The following design changes should be made on the  present  system 
t o  increase the  CO removal r a t e .  2 
a. The present  850 w a t t  l i q u i d  hea ter  should be replaced with a 
l a rge r  capaci ty  hea ter  t o  prevent t he  f&uid en ter ing  the  regenerating bed from 
f a l l i n g  below 180' F a t  high l i q u i d  flow r a t e s .  
but  not necessar i ly  the  r a t i o  of power / l b .  of C02 because the  CO 
r a t e  would increase.  
This would increase peak power 
removal 
2 
b .  The present  4-way l i q u i d  switch valve should be replaced with 
two 8-way switch valves t o  prevent hea t  t r a n s f e r  through the  valve from the  
warm f l u i d  leaving the  regenerating bed t o  the  c m d L  f l u i d  en ter ing  the  absorbing bed. 
e .  An a l t e r n a t e  t o  using an e l e c t r i c  hea te r  i n  the  system would be t o  
provide separate  hot  and cold f l u i d  loops f o r  regeneration and absorption. 
This would be equivalent t o  operating with l i q u i d  ava i lab le  from t he  waste hea t ,  
loop, and coolant from the  ~QQJ!wL~, system loop. 
It is an t ic ipa ted  t h a t  the  above changes wou2d .Isig~-i~~lcan;t;ly-i.~~C,rease 
the CO 
be held the  same, o r  possibly decrease.  
removal r a t e ,  while the  power penal ty  per  pound of CO2> o r  per  manl would 2 
2 .  The design of the  in-bed heat  exchanger should be improved t o  
increase CO removal r a t e .  These improvements would cons is t  of:  
2 
a .  Depositing the  absorbent d i r e c t l y  on the  $ins of the  in-bed 
heat exchanger, or 
b .  Providing more ac tua l  hea t - t ransfer  surface area i n  the  bed by 
changing of the heat exchanger configurat ion.  
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3. The capacity of t h e  absorbent might be increased by a l t e r i n g  t h e  
composition of t h e  granules Possible a l t e r a t i o n s -  would include : 
a. Making formulations containing c a r r i e r s  possessing higher surface 
a reas  and 
b.  Al te r ing  t h e  r a t i o  of absorbent ingredien ts .  
4. Inves t iga t e  t h e  p o s s i b i l i t y  of  using a low power rapid-cycling 
process of "hea t l e s s  desorptiont' f o r  t h i s  absorbent. 
5. Inves t iga t e  lower pressure  and correspondingly lower temperatures 
f o r  regeneration to decrease t o t a l  hea t  input .  
6. Determine t h e  composition of t h e  e f f l u e n t  of t h e  absorbing bed, 
and of t h e  regenerating bed to v e r i f y  t h a t  no undesirable t r a c e  contaminants 
leave or m e  generated by t h e  system, and t h a t  high p u r i t y  C02 i s  
recovered. 
7. The polynomial expressions developed from t h e  Box-Wilson composite 
design y i e ld  good r e s u l t s  f o r  t h e  present system; however t h e  expressions a r e  
only  applicable within t h e  range B f  parameter values t e s t e d  and only f o r  t h e  
present system. General t h e o r e t i c a l  equations based on mass and heat t r a n s f e r  
should be developed because these  equations would be applicable fo r  a broader 
range of parameters f o r  any system which uses t h e  GAT-0-SORB absorbent. I n  order 
to develop these  equations, phys ica l  and chemical p rope r t i e s  of t h e  absorbent, 
heat of r eac t ion ,  and mass t r a n s f e r  coe f f i c i en t s  should be determined. 
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APPENDIX A 
COMPUTER COMPUTATIONS 
The t a b l e s  i n  t h i s  appendix show t h e  computed regression coefficie,nt  
by a l e a s t  squares f i t ,  t he  standard e r ror ,  t he  t value f o r  t h e  coe f f i c i en t s  
plus  a multiple cor re la t ion  coef f ic ien t ,  a standard error, and F values f o r  t he  
ove ra l l  t e s t  design. Also furnished are  t a b l e s  of measured and computed responces. 
Table A - 1  shows t h e  correspondence between var iab le  number and t h e  terms i n  
the  polynomial equations 
Table A - 1  Correspondence 
Between Variable Number and Variables 
Variable No. 
l 
2 
3 
4 
5 
6 
7 
8 
9 
10 
El 
12 
13 
14 
15 
Term -
x1 
x2 
"3 
x4 
3 Y 
x32 
2 
' k  
x1x2 
'1'3 
'1'4 
x x  2 3  
'2'4 
x x  3 4  
x12 
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Table A-2 
Results f o r  C02 Removal Rake 
e q u d  3.8 mm Hg at pco- 
.L 
M U L T I P L E  CORRELATION 0 .95457  
71 .. 
STD. ERROR OF E S T I Y A T E  0 . 0 1 9 6 1  
ILL. .. 
TOTAL 22  0 . 0 3 4 6 5  
40 
Table A-3 
for C02 Removal Rate at p equal t o  3.8 mm Hg 
c02 
Table A-4 
Results f o r  Water Loss at 
c02 
P e qual 3.8 m 
.. . 
2 0.00000 0.85280 -0.18583 0 00249 0.09328 0.02680 
3 0.00000 0.85280 -0.24600 -0 0868 7 0.06596 -1 e 3 1707  
-1 52761  4 0.00000 0.85280 -0.3 7343 -0.14249 0.09328 
9 
11 0.00000 0.60302 -0 2 42 18 0.02124 00131Y2 0.16108 
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A N A L Y S I S  OF VARIANCE FOR THE REGRESSION 
Table A-5 
Comparison of Responses for 
Water carryover at p equal t o  3.8 mm H g  
c02 
i 
MULTIPLE REGRESSION..  ..COZCON 
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SELECTION..... 2 
Table A-6 
Results for Power a t  
p equal 3.8 mm Hg 
c02 
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DEPENDENT 
I, 
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Table A-7 
Cornpar i s  on of Be spons as 
f o r  Power at  p equal 3.8 mm Hg 
c02 
MULTIPLE REGRESSION.....COZCON 
SELECTION..... 3 
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Table A-8 
Resul ts  f o r  C02 Removal Rate 
at p equal 7 0 6  mm H g  
c02 
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Table A-9 
Comparison of Responses for  
C02 Removal Rate a t  p equal 7.6 mm Hg co, 
L 
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Table A-10  
Results f o r  Water Loss at 
p equal 7.6 mm Hg 
" 2  
Table A-ll 
Comparison of  Responses f o r  
Water Loss at p equal 7.6 mm Hg 
c02 
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Table A-12 
Results f o r  Power a t  
p equal 7.6 mm Hg 
“ 2  
‘ I  __I--..- - 
;e.. 
A N A L Y S I S  OF V A H I A N C E  FOR THE H E G R E S S I O N  
Table A-13 
for Power at p equal 7.6 mm Hg 
c02 
M U L T I P L E  REGRESSION...*.COZ.CON 
Table A - 1 4  
Reduced. Equation for C02 Removal Rate 
a t  p equal. 3.8 mm Hg 
“2 
: q .  . 
13 __ 
M U L T I P L E  REGRESSION.....COZCON 
Table A-15 
Comparison of Responses for 
CO Removal Rate fo r  Reduced Equation a t  p equal 3.8 mm Hg 
c02 
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Table A-16 
Resul ts  f o r  Reduced. Equation f o r  
Water Loss a t  p equal 3.8 mm Hg 
c02 
MULTIPLE REGRESSION.....C02CON 
SELECTION..... 2 
It --- _. I 
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Table A-17 
Comparison of Responses f o r  Water 
Loss f o r  Reduced. Equation at p equal 3.8 mm Hg 
c02 
MULTIPLE REGRESSION.*e**C02CON 
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Table A-18 
Results for Reduced. Equation for 
Power at p equal t o  3.8 mm Hg 
c02 
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Table A-19 
Comparison of Besponses, for Power 
for Reduced Equation at p equal 3.8 mm Hg 
c02 
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APPENDIX B 
INSTRUMENTATION 
AND 
EQUIPMENT 
INSTRUMENTATION AND E QUIPIQ3NT 
The following instrumentation and equipment vas used t o  cont ro l ,  read?  
and record t h e  ,var ious parame;terq encountered- i n  t h e  program. 
B .  1 Temperature 
Type T (Copper-Constantan) thermocouples were used f o r  a l l  temperature 
measurement except f o r  t h e  four d i a l  thermocouples which a re  b u i l t  i n t o  t h e  
GAT-0-SORB system f o r  measuring t h e  temperature of t h e  l i q u i d  enkering and 
ex i t i ng  each of t he  two absorbent beds. 
t u r e  of t h e  gas at the  i n l e t  of t h e  fan  i n  the  GAT-0-SORB system, and t h e  tem- 
perature of t h e  gas leaving the  absorbent bed were read out and recorded on a 
B r i s t o l  Dynamaster multipoint recorder (range -50" t o  +150°F). Other thermo- 
couples which sensed t h e  temperature ins ide  of t h e  absorbent beds temperature 
of t he  chamber, and temperature of t he  coolant at the  i n l e t  connection to t he  
GAT-0-SORB system were read out and recorded on a Daystrom-Weston model 6702 
multipoint recorder (range 0-300"F). 
GAT-0-SORB system was control led at 50°F by passing chamber a i r  through a 
gas-liquid heat exchanger. 
t o  80°F. The temperature of  the  gas leaving t h e  heat exchanger was control led by 
t h e  temperature of t h e  glycol-water so lu t ion  which passed through the  l i q u i d  
s ide .  This l i q u i d  was  recycled through a r e f r i g e r a t i o n  uni t  outside of t h e  
chamber. 
The thermocouples sensing the  tempera- 
The temperature of t h e  gas en ter ing  the  
The a i r  en te r ing  the  heat exchanger var ied  from 65" 
The temperature of t h e  water flowing to t he  absorbing bed',s . fn t e rna l ' be&t  
This l i q u i d  l e f t  t h e  absorbing bed and was heated with exchanger was 50°F. 
an e l e c t r i c  car t r idge  heater  to 1 8 0 " ~  and flowed t o  t h e  bed being regenerated,  
A Fenwal thermostat ic  switch turned t h e  e l e c t r i c  heater  on or of f .  
59 
B.2 Dew Point 
The dew po in t  of t h e  gas en ter ing  or ex i t ing  t h e  GAT-O-SORB system 
was  sensed with a Cambridge Systems Model 992-Cl hygrometer. This sensor 
has a t y p e  T thermocouple output which was read out and recorded on t h e  same 
B r i s t o l  record.er used f o r  recording temperatures. A t h r e e  way solenoid valve 
was  used to con t ro l  t he  sample po in t ,  % . e . ,  i n l e t  gas or  o u t l e t  gas,  The dew 
poin t  of t h e  gas en ter ing  t h e  GAT-O-SORB system was cont ro l led  by passing 
chamber gas through a gas-liquid heat exchanger t o  condense excess moisture and 
lower t h e  d.ew poin t  t o  45". The temperature of t h e  l i q u i d  flowing through t h e  
heat exchanger controlled.  both t h e  dew point and t h e  temperature of t h e  gas 
leav ing  t h e  heat exchanger. 
B . 3  Vacuum f o r  Regeneration 
A Precision S c i e n t i f i c  Model 150 Vacuum pump (5.3 cfm f r e e  a i r )  was 
used t o  evacuate t h e  bed i n  t h e  regeneration mode. A mercury manometer 
indicated t h e  absolute pressure  of t h e  regenerating bed and a Matheson 
Lab-Stat c o n t r o l l e r  was used to open o r  close a solenoid valve i n  t h e  l i n e  
between t h e  vacuum pump and t h e  chamber. This con t ro l l e r  has a d i e l e c t r i c  
sensor attached. to t h e  mercury manometer. Thus changes i n  t h e  l e v e l  of 
mercury were transmitted.  to t h e  con t ro l l e r .  Also two dry ice-acetone t r a p s  
were placed i n  s e r i e s  i n  t h e  vacuum l i n e  between t h e  solenoid valve and t h e  
chamber. These t r a p s  prevented moisture from reaching t h e  vacuum pump and 
provided a method of measuring t h e  amount of moisture lost from t h e  sorbent 
during regeneration. 
B. 4 Chamber Pressure 
After t h e  chamber w a s  evacuated. t o  t h e  specified.  operating pressure  of 
360 mm Hg, t h e  pressure  w a s  maintained. a t  t h i s  l e v e l  with a t r i m  pump t h a t  
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corrected. fo r  in-leakage. Generally in-leakage ranged. from 20  t o  30 scfh.  The 
t r i m  pump used was  a Speedaire model 12943 ( f r e e  a i r  1 .9  cfm). A Barksdale 
Model ~ 1 ~ x 1 8  Pressure-Vacuum switch w a s  used to open or c lose  a solenoid valve 
i n  t h e  l i n e  between t h e  t r i m  pump and chamber. A Sprague model 175 gas meter 
was used to measure t h e  amount of gas t h a t  t h e  t r i m  pump removed from t h e  
chamber. Therefore t h e  amount of C02 removed could be ca lcu la ted .  
The pressure within t h e  chamber was read.out on a Wallace-Tiernan 
absolute pressure  gauge, model FA 160 (range 0-800 mm Hg). 
B.  5 Carbon Dioxide Concentration 
The concentration of carbon dioxide wi th in  t h e  chamber and fed t o  t h e  
GAT-0-SORB system, and t h e  concentration of carbon dioxide leaving t h e  GAT- 
0-SORB system which ind ica t e s  how e f f i c i e n t l y  t h e  absorbent performs, were 
measured w i t h  MSA LIRA i n f r a r e d  ana lyzers  (Model 300) 
The s i g n a l  from t h e  LIRA which measured- chamber C02 concentration w a s  
sent to a Leeds/Northrup rdodel "H" AZAR 1 ecording c o n t r o l l e r  e 
concentration f e l l  below t h e  se t -poin t ,  t h e  c o n t r o l l e r  opened a solenoid valve 
When t h e  C02 
between t h e  CO supply and t h e  chamber. 2 
The s i g n a l  from t h e  LIRA which measured t h e  CO concentration a t  t h e  2 
e x i t  of t h e  GAT-0-SORB system w a s  sen t  to a Bausch and Lomb s t r i p  cha r t  recorder.  
B . 6  Carbon Dioxide Gas 
The p u r i t y  of t h e  carbon dioxide fed to t h e  chamber w a s  99.5 percent ,  
The amount of CO 
saturated with C02 to prevent e r r o r s  due t o  C02 absorption i n  t h e  water within 
t h e  meter. 
B . 7  Power 
used w a s  measured w i t h  a wet t e s t  meter which was  pre- 
2 
All e l e c t r i c a l  power f o r  t h e  GAT-0-SORB system was measured with a w a t t -  
hour meter. Also a ammeter was  u s e d . t o  ind ica t e  perf0d.s of peak power demand 
L 
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when t h e  water hea te r  was turned on. The m e t e r  a l so  ind ica ted  the  proper 
functioning, based on current  output, of e l e c t r i c a l  components such as the  
blower and t h e  hea ter .  
B . 8  Gas Flow 
The amount of air which i s  blown through t h e  absorbing bed was measured 
with a Sprague knodel 1000 gas meter t h a t  was placed ins ide  the  t e s t  chamber. 
Thus measured flows a r e  a t  chamber pressure r a t h e r  than  s tandard conditions.  
B o g  Coolant Flow 
A Dwyer rotameter and a needle valve were used to read and cont ro l  water 
flowing to t he  heat  exchangers i n  t h e  absorbent can i s t e r s .  The ca l ib ra t ion  a l s o  
was checked during each run with a graduated cyl inder  and stop-watch. 
APPErJDIX c 
EXPERIIvENTAL -ITST P M  
The Box-Wilson c e n t r a l  composite design was t h e  t e s t  plan spec i f ied  f o r  
t h e  experimental evaluation of t he  GAT-0-SORB system, The composite design 
cons is t s  of a f a c t o r i a l  design which y ie lds  only l i n e a r  re la t ionships  plus 
addi t iona l  t e s t s  f o r  t h e  determination of second order e f f e c t s .  
I n  a c e n t r a l  composite design a point e x i s t s  a t  t h e  center of t he  
f a c t o r i a l  design and *'2Keg addi t ion t e s t s  f o r  determination o f  second order 
e f f e c t s  ( ca l l ed  star poin ts )  are  symmetrically located around the  center point 
where K equals t h e  number of independent var iab les ,  
A non-central composite design i s  used only i f  the  r e s u l t s  of t h e  f a c t o r i a l  
design suggest t h a t  a point of maximum i s  c loser  t o  one f ac to r  combination than  
it i s  to others .  I n  t h i s  case K e x t r a  points  w i l l  be t e s t e d  around t h e  f a c t o r i a l  
point suspected to be near a m a x i m u m  point .  
The c e n t r a l  composite design y ie lds  t h e  regression coef f ic ien ts  f o r  a 
quadrat ic  polynomial expression. Additional tests are  run a t  t h e  center  point  
of t he  design so t h a t  t he  standard e r r o r  can be determined and i s  uniformly 
d i s t r ibu ted  between a l l  t e s t  points  
C.1 Designs Used 
The GAT-0-SORB system was operated under two design t e s t  plans.  The f i rs t  
was  with a f ixed  CO 
t h e  composite design was made up of a 16 - t e s t  f u l l  two l e v e l  f a c t o r i a l  f o ~ '  
p a r t i a l  pressure of 7.6 mm Hg. Under these  conditions,  2 
4 var iab les ,  plus  8 star poin ts ,  and 7 center pofnts f o r  a t o t a l  of 31 t e s t s .  
The second t e s t  plan was run with a f ixed  C02 p a r t i a l  pressure of 3.8 mm Hg. 
The composite design consis ted of 8 t e s t s  f o r  a 1/2 r e p l i c a t e  two l e v e l  f a c t o r i a l  
design f o r  4 var iab les  plus  8 s t a r  points ,  and 7 center  points  f o r  a t o t a l  of 
23 t e s t s .  
C,2  Method of Data Analysis 
The r e l a t ionsh ip  between the  independent var iab les  and t h e  responses i s  
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d.etermined. as a polynomial i n  t h e  form 
B X X + B X X + B X X -!- B23$X3 + B24X2X4 + B X X 1 2 1 2  1 3 1 3  1414 34 3 4 
The quant i ty  Y i s  t h e  performance c h a r a c t e r i s t i c  of t h e  system such as 
C02 removal r a t e ;  
t h e  X's are  t h e  independent va r i ab le s  of cycle t ime, precool  time, 
flow, or a i r  flow. 
f i can t  . Higher order terms a re  neglected.  
by f i t t i n g  t h e  data to a mul t ip le  l i n e a r  regression.  
t h e  "B" s a re  t h e  coe f f i c i en t s  which a re  to be determined and 
Only f irst  and second order terms a re  considered s ign i -  
The coe f f i c i en t s  a r e  determined 
F i r s t  t h e  independent va r i ab le s  a re  put  i n  a "coded" form. The advantage 
o f  pu t t i ng  t h e  dependent var iab les  i n  coded form i s  t h a t  t h e  equations a r e  
e a s i e r  to work with because only p l u s  o r  minus in t ege r s  and zero a r e  used f o r  
independ.ent va r i ab le s .  
The following coding equations were used. i n  
A-30 
1 0  x1 = 
t h i s  program: 
where X i s  t h e  coded value f o r  cycle t ime, and is t h e  measured cycle  t ime 
i n  minutes, 30 is t h e  cycle  t ime I n  minutes a t  t h e  center  of t h e  design, and 
10 i s  t h e  d i f fe rence  between l e v e l s  of cycle  time. 
1 
- B-3 0 x2 - 1 . 5  
where 5 i s  t h e  coded.value f o r  precool time, and B i s  t h e  measure precool 
time i n  minutes 3 .0  i s  t h e  precool time at t h e  center  of t h e  design, and 1 .5  
i s  t h e  difference between l e v e l s  of precool time 
c-3 x = -  
3 1 
where X 3 
i n  g a l  per hour, 3 i s  t h e  water flow at the  center  of t he  design, and 1 i s  
i s  t h e  coded value fo r  water flow, and C i s  the  measured water flow 
the  difference between l e v e l s  of water f l o w ,  
D-10 
2 x4 = 
where XI1. i s  t h e  coded value f o r  air  flow, and D is t h e  measured a i r  flow i n  cfm, 
10  i s  the  air flow at t h e  center  of t h e  design and 2 i s  t h e  difference between 
l e v e l s  of a i r  flow. The coded values of t h e  independent var iab les  are  summarized 
i n  Table 3. 
TABLE C - 1 .  CODED VALUES FOR INDEPErJDENT VARIABLES 
Cod.ed Value +2 +1 0 -1 -2 
Cycle Time, minutes 50 40 30 20 1 0  
Precool Time, minutes 6.0 4.5 3.0 1 . 5  0 
Water Flow, gph 5 4 3  2 1 
A i r  Flow, cfm 1 4  12 10 8 6 
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The matr ix  of coded X values and t h e  corresponding Y vectors  which 
a re  t h e  measured responses a re  l i s t e d  i n  Tables C-2 and C-3 f o r  t h e  corresponding 
t e s t  plans.  Then l e a s t  squares es t imates  of t h e  coe f f i c i en t s  a r e  chosen so as 
t o  minimize the  sum of squares of deviat ions between the  data poin ts  and t h e  
estimated response surface 
These l e a s t  squares es t imates  can be derived by (1) solving simultaneous 
normal equations, (2)  ‘by use of matrix a lgebra i n  which a matrix f o r  t he  
normal equations,  t h e  vec tors ,  and an inverse matrix are  ca lcu la ted  o r  (3) 
by using a d i g i t a l  computer, 
A computer so lu t ion  was used f o r  t h i s  program t o  minimize t h e  time 
required t o  u t i l i z e  t e s t  data. I n  addi t ion the  computer program furnished 
estimates of standard e r r o r ,  t values of t he  s ign i f icance  of each coe f f i c i en t ,  
and a comparison of t h e  est imated and measured responses. 
C . 3  Test Program at P = 7.6 mm Hg 
c02 
The c e n t r a l  composite design f o r  t e s t s  run at  P equal t o  7.6 mm Hg 
“2 
i s  summarized i n  t h e  a r ray  i n  Table C-2. This t a b l e  shows the  coded values 
of t h e  independent var iab les  and t h e  measured responses of t h e  t h r e e  dependent 
var iab les .  
constant of t h e  leegression equation. 
The Xo column always has t h e  value (+1) and i s  used t o  determine t h e  
C . 4  Test Program at P = 3.8 mm Hg. 
c02 
The e e n t r a l  composite design f o r  t e s t s  run at P equal  t o  3.8 mm Hg 
c02 
i s  summarized i n  t h e  a r ray  i n  Table C-3 .  This t a b l e  shows the  coded values 
f o r  t h e  independent va r i ab le s  and t h e  measured response f o r  t h e  dependent 
var iab les  
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TABLE C-2 CENTRAL COMWGITE DESIGN 
f o r  Tests at  = 7.6 mu Hg 
c02 
Test 
NO 
1 
2. 
3 
4 
7 
9 
8 
10 
5 
14 
l2 
15 
13  
16 
17 
19 
23 
22 
24 
25 
26 
27 
30 
32 
11 
20 
28 
29 
36 
37 
46 
xO 
+ 1  
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+ 1  
+ 1  
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
x1 
Cycle Time 
M n  . 
-1 
+1 
-1 
+l. 
-1 
+1 
-1 
+1 
-1 
+1 
-1 
+1 
-1 
+I. 
-1 
+1 
-2 
+2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
0 
X ARRAY CODED SCALE 
3 x2 X 
Precwl&ige Coolant Flow 
gPh 
-1 -1 
-1 -1 
+1 -1 
+1 -1 
-1 +1 
-1 +1 
+1 +1 
+1 +1 
-1 -1 
-1 -1 
+1 -1 
+1 -1 
-1 +1 
-1 +1 
+1 +1 
+1 +1 
0 0 
'0  0 
-2 0 
+2 0 
0 -2 
0 +2 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
x4 
Air Flow 
Cfm 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
-1 
+1 
+1 
+1 
+1 
+1 
+1 
+1- 
+1 
0 
0 
0 
0 
0 
0 
-2 
+2 
0 
0 
0 
0 
0 
0 
0 
y1 
C02 Rate 
lb/hr 
0.30 
0.19 
0.26 
0.21 
0.33 
0.17 
0.20 
0.14 
0.20 
0.16 
0.10 
0.13 
8.23 
0.16 
0.22 
0.17 
0.15 
0.13 
0.17 
0.007 
0 - 075 
0.15 
0.13 
0.19 
0.20 
0.17 
0.18 
0.13 
0.17 
0.11 
0.15 
Y RESPONSES 
y2 
%O Loss 
lbH20/lbC02 
0.32 
0.61 
0.50 
0.70 
0.48 
0.96 
0.43 
0.26 
0.67 
0.41 
0.40 
0.62 
0.33 
0.48 
0.37 
0.67 
0.38 
0.65 
0.66 
0.70 
0.52 
0.39 
0.70 
0.71 
0.61 
0.65 
0.90 
0.96 
0.64 
0.24 
0.85 
*3 
Power 
kwhr/lbC02 
2.0 
3.8 
2.5 
3.2 
2.9 
6.1 
3.4 
7.3 
3.6 
4.1 
12.0 
4.4 
2.1 
6.1 
4.7 
6.0 
7.1 
6.1 
6.8 
5.2 
57.1 
7.4 
6.5 
5.0 
4.5 
3.5 
5.0 
5.6 
6.6 
5.1 
5.7 
TABLE C-3 CENTRAL COMPOSITE DESIGN 
for Tests a t  pco = 3.8 mm Hg 
2 
X ARRAY CODED SCALE 
Test 
NO 
62 
60 
66 
64 
63 
77 
67 
65 
71 
72 
56 
74 
54 
55 
59 
75 
53 
57 
61 
70 
73 
76 
78 
xO 
+1 
+1 
+1 
+1 
+1 
+l 
+1 
+1 
+1 
41 
+1 
+1 
+l 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
+1 
x1 
Cycle Time 
Min . 
+1 
-1 
+1 
-1 
+1 
-1 
+1 
-1 
0 
0 
0 
0 
0 
0 
+2 
-2 
0 
0 
0 
0 
0 
0 
0 
x2 
Precool Time 
Min. 
+1 
+1 
-1 
-1 
+1 
+1 
-1 
-1 
0 
0 
0 
0 
+2 
-2 
0 
0 
0 
0 
0 
0 
0 
0 
0 
x3 x4 
Coolant Flow Air Flow 
gPh C f m  
i1 +1 
*1 -1 
+1 -1 
+1 +1 
-1 +1 
-1 -1 
-1 -1 
-1 i1 
0 +2 
0 -2 
+2 0 
-2 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
0 0 
y1 
C02 Rate 
lb/hr  
o.l.00 
0.095 
0.077 
0.083 
O.ll.6 
0.030 
0.09 
0.038 
0.108 
0.050 
0.078 
0.@4 
0.142 
0. ogl 
0.150 
0.011 
0.155 
0.108 
0.138 
0.119 
0.09 
0.097 
0.U6 
Y RESPONSES 
y2 
5 0  LOSS 
lbH20/lbC02 
0.41 
0.316 
0.89 
0.40 
0.57 
0.60 
1.ll 
0.60 
0.63 
1.20 
0.22 
0.50 
0.81 
0.80 
0.84 
1.20 
1.00 
1.00 
1.09 
1.00 
0.38 
1.13 
0.65 
3 
Power 
kwhr/lbC02 
Y 
8.3 
12.6 
13.6 
ll. 0 
7.1 
27.0 
8.1 
n . 9  
8.3 
14.0 
14.0 
16.7 
5.3 
8.8 
6.4 
68.5 
5.5 
8.3 
6.5 
6.7 
8.7 
9.3 
8.6 
C,5 Polynomial Expressions 
The computation of t h e  coef f ic ien ts  f o r  polynomial expression was done 
by t h e  l e a s t  squares method. The coef f ic ien ts  a re  used i n  the  equations shown 
i n  Table C-4 and C-5.  
i n  conjunction with the  coding equations shown i n  sec t ion  C.2, Us0 t h e  equations 
i n  Tables C-6 and @-7 should be considered appl icable  only within t h e  coded range 
of $2 t o  -2. No estimate of accuracy i s  es tab l i shed  f o r  values outs ide of t h i s  
range. The coef f ic ien ts  shown i n  Tables C-6 and C-7  a re  shown to 3 s ign i f i can t  
f i gu res  because t h e  measured values were reported to two o r  th ree  s ign i f i can t  
f i gu res .  The ex t r a  f igures  shown i n  t h e  computer pr in tout  i n  Appendix A are  of 
no s ignif icance.  
4,?.6 Reduction of Equations t o  Simpler Form 
The polynomial equations i n  Tables C - 4  and C-5 include a l l  f irst  
These equations are  i n  t h e  coded form and must be used 
and second order terms whether or  not they a r e - s i g n i f i c a n t .  A l l  terms of 
order th ree  or  more a re  assumed t o  be in s ign i f i can t .  I n  order to fu r the r  reduce 
the  number of terms i n  the  equation, a t e s t  was applied t o  each coe f f i c i en t .  
From the  "t" t e s t  terms can be eliminated i f  t h e i r  e f f e c t  i s  not grea te r  than 
t h e  e f f e c t  of random e r ro r s  a t  a spec i f ied  confidence l eve l .  Normally a 95 
percent confidence l e v e l  i s  chosen. 
The c e n t r a l  composite design which contained a 1/2 r e p l i c a t e  f a c t o r i a l  
design, i . e . ,  t h e  t e s t s  run at a 3.8 mm Hg C02 l e v e l  has 8 degrees of freedom, 
23 t e s t s  were run and 14 regression coe f f i c i en t s  plus  1 constant were determined. 
A t  t h e  95% confidence l e v e l  and with 8 degrees of freedom, the  '*%'I value 
This c r i t i c a l  value of "t" can must exceed 2.306 i n  order t o  be s i g n i f i c a n t .  
Table C-4 
Polynomial Equation f o r  Responses 
at p equal to 7.6 m m H g  
c02 
lb C02 
= 0.1657 - 0.0158 X1 - 0.00874 X2 + 0.0157 X - 0.0137x4 
'1 hr 3 
O.OOOg4 X: + 0.00842 %2 - 0.00944 X: t 0.OlOgl X t  + 
0.0~0 x x + 0.0169 x1x4 - 0.00062 x x t 0.00187 x2x4 1 3  2 3  
0.01441 X1X2 - 1 
+ 0.0181 x x 3 4  
lb H20 
= 0.693 + 0.07291 x1 - 0.0162 x2 - 0.212 x - 0.0121 x4 - 
' 2  l b  C02 3 
2 0.0571 X1 - 0.0158 X22 - 0.0721 X - 0.00956 X t  - 0.00687 X12$ t 3 
0.0194 x&, - 0,0244 x1x4 - 0.0456 x x + 0.0406 5x4 - 0.0156 x x 2 3  3 4  
kwhr = 5.14 +- 0.242 x1 + 0.400 x2 - 4.01 x + 0.367 x4 - 
0.971 X1 - l e 1 2  X z  + 5.44 X: - 1.18 X t  - 0.700 
y3 m o 2  3 
2 
1.06 X,X3 - 0.713 X1X4 - 0.275 X X + 0.600 X2X4 - 2 3  
x1x2 + 
0.838 x x 3 4  
TABLE C-5 
Polynomial Equations f o r  Responses a t  
p equal 3.8 mm Hg 
"2 
= 0.118 + 0.0347 X1 + O.Ol27 $ + 0.0117 X3 + 0.0145 X4 - 
y1 
2 2 0.00969 X1 - 0.00068 X E  - 0.0171 X: - 0.0101 X4 - O.OOgl2 XlX2 - 
0.0176 x X - 0.00637 x x + 0.00237 x2x3 - 0,0174 x2x4 - 0.02262 x X 1 3  1 4  3 4  
Y2 
= 0.893 - O.OgOO X1 + 0.00249 $ - 0.0869 X3 - 0.142 X4 + 
2 0.0119 X: - 0.0418 X2 - 0.153 x 
0.00874 x x - 0.136 x1x4 + 0.00124 5 x  + 0.219 $x4 + 0.0137 x3x4 
- 0.0143 x: + 0.0212 X1X2 + 3 
1 3  * 3  
Y = 7.66 - 15.5 X1 - 0.875 $ - 0.875 X3 - 1-42 X4 + 3 
6.79 x: - 0.814 x z  + 1.26 x: + 0.211 X t  - 1.45 X1X2 +- 
2.75 x x + 2.17 x1x4 - 2.22 $x3 + 12.3 x2x4 + 1.15 x x 1 3  3 4  
TABLE C-6 
Simplified. Equations a t  95% confidence l e v e l  
p = 3.8  DIITI Hg 
c02 
2 ) = 0.117 + 0.0261 X1 + 0.0117 X - 0.00960 X t  -0.0170 X: - 0.0100 x4 3 hr y1 
2 lb H20 
lb C02 
) = 0.859 - 0.132 x4 - 0.148 x3 y2 ( 
2 ) = 8.16 - 15.5 X1 + 6.71 Xl + 12.3 $ Xb kwhr 
TABU C-7 
S impl i f i ed  Equations Removed from Coded Form 
= 3.8 m m H g  Pcog 
95% confidence level  
lb C02 
> =  -0.644' -I- 0.0139 A 3- 0.165 C 2- 0.050 D - 0.000096 A2 - 0.0025 D2 - 0.00176 AC '1" hr 
l b  H20 2 
) = "rO.187 -+ 0.888 C - 0.066 D - 0.148 C '2'lb C02 
2 
) = 238. - 5.576 A - 41.0 B - 12.3 D + 0.0671 A + 4 . 1  BD kwhr ' 3  ( E o 2  
where A = Cycle Time,  minutes 
B = A i r  Valve Delay, minutes 
C = Water Flow, gal/hr 
D = A i r  Flow, c€m 
be found i n  most s t a t i s t i c s  books. The values of "t" f o r  t h e  ind iv idua l  
regress ion  c o e f f i c i e n t s  a r e  shown i n  t h e  computer p r in tou t  i n  Appendix A. 
Simplified. equations can be obtained. by dropping t h e  i n s i g n i f i c a n t  terms 
from t h e  equations; 
values approach or exceed t h e  c r i t i c a l  "t" value of 2.306 and t o  r e f i t  $he 
however a b e t t e r  method i s  t o  s e l e c t  t h e  terms whose "t" 
d a t a  t o  these  po in t s  by t h e  sum of l e a s t s  'squares. methods. New regression 
coe f f i c i en t s  and new "t" values a re  obtained. 
bes t  f i t  f o r  t h e  terms used. and t h e  new "t" value reconfirm t h a t  t h e  appropriate 
The new coe f f i c i en t s  give t h e  
2 term w a s  chosen. 
p a r t i a l  p ressure  a re  l i s t e d .  i n  Table C-6. 
The s impl i f ied  equations f o r  t e s t s  run a t  a 3.8 mm H& CO 
The simplified equations shown i n  Table C-6 a re  i n  t h e  coded form f o r  t h e  
independent va r i ab le s  These equations can be combined with coding equations 
given i n  sec t ion  C.2 t o  yield.  t h e  simplified. equations i n  terms of t h e  measured. 
independent var iab les .  These a re  shown i n  Table C-7. 
The r e s u l t s  from t h e  composite design t h a t  was run a t  a C02 p a r t i a l  
p ressure  equal t o  3.8 mm Hg showed a high degree of co r re l a t ion .  
ve r i f i ed  by t h e  multiple co r re l a t ion  coe f f i c i en t  which ranged from 0.849 t o  
This i s  
0.983 f o r  t h e  ove ra l l  t e s t  d.esign as shown i n  Append.ix A. A multiple co r re l a t ion  
coe f f i c i en t  of 1 . 0  would s i g n i f y  pe r fec t  co r re l a t ion .  The mul t ip l e  co r re l a t ion  
coe f f i c i en t s  range from 0.676 t o  0.942 f o r  t h e  reduced equations. Again t h e  
F values v e r i f i e d  t h e  high degree of co r re l a t ion .  
The composite design run a t  a C02 p a r t i a l  p ressure  of 7.6 mm Hg showed 
poor co r re l a t ion .  This i s  determined by t h e  multiple co r re l a t ion  c o e f f i c i e n t  
which ranged from 0.614 t o  0.741 and. t he  low F values and. low "t" values.  The 
terms f o r  Y d i d  not show signif icance u n t i l  t he  confidence l e v e l  was reduced 
to 70 percent.  
confidence l e v e l  and the  terms f o r  Y showed only one s ign i f i can t  term at t he  
95% confidence leve l .  Therefore s implif ied equations were not determined f o r  
1 
The terms f o r  Y showed only one s ign i f i can t  term a t  t h e  90% 2 
3 
t h e  responses f o r  t he  composite design at  7.6 mm pC02. 
